. Increased sympathetic and decreased parasympathetic cardiovascular modulation in normal humans with acute sleep deprivation. J Appl Physiol 98: 2024 -2032, 2005. First published February 17, 2005 doi:10.1152/japplphysiol.00620.2004.-Cardiovascular autonomic modulation during 36 h of total sleep deprivation (SD) was assessed in 18 normal subjects (16 men, 2 women, 26.0 Ϯ 4.6 yr old). ECG and continuous blood pressure (BP) from radial artery tonometry were obtained at 2100 on the first study night (baseline) and every subsequent 12 h of SD. Each measurement period included resting supine, seated, and seated performing computerized tasks and measured vigilance and executive function. Subjects were not supine in the periods between measurements. Spectral analysis of heart rate variability (HRV) and BP variability (BPV) was computed for cardiac parasympathetic modulation [high-frequency power (HF)], sympathetic modulation [low-frequency power (LF)], sympathovagal balance (LF/HF power of R-R variability), and BPV sympathetic modulation (at LF). All spectral data were expressed in normalized units [(total power of the components/total powervery LF) ϫ 100]. Spontaneous baroreflex sensitivity (BRS), based on systolic BP and pulse interval powers, was also measured. Supine and sitting, BPV LF was significantly increased from baseline at 12, 24, and 36 h of SD. Sitting, HRV LF was increased at 12 and 24 h of SD, HRV HF was decreased at 12 h SD, and HRV LF/HF power of R-R variability was increased at 12 h of SD. BRS was decreased at 24 h of SD supine and seated. During the simple reaction time task (vigilance testing), the significantly increased sympathetic and decreased parasympathetic cardiac modulation and BRS extended through 36 h of SD. In summary, acute SD was associated with increased sympathetic and decreased parasympathetic cardiovascular modulation and decreased BRS, most consistently in the seated position and during simple reaction-time testing.
baroreflex; sympathovagal balance SLEEP DEPRIVATION (SD) has been associated with an increased incidence of adverse cardiovascular and metabolic disorders in humans (9, 27, 33, 47, 52, 53) . Increased blood pressure (BP) (23, 33, 40) , heart rate (HR), and urine catecholamine levels have been associated with acute SD in normotensive subjects (15, 33, 51) .
In contrast, some investigators have reported no increase in resting plasma catecholamines, HR (14, 23) , or BP (33) after total SD (26) , and muscle sympathetic nerve activity has been found to decrease in normal humans at rest after a night of total SD in two recent carefully controlled and monitored studies (23, 40) . These latter studies, in finding elevated resting BP levels with unchanged vascular resistance (23) and decreased baroreflex sensitivity (BRS) after SD (40) , did not rule out the possibility that cardiovascular autonomic modulation may be adversely affected by acute SD. Furthermore, these and other studies that have found no increase in sympathetic activity with SD have reported measurements made with the subjects remaining exclusively supine throughout the SD and testing period (8, 19, 23, 40) . Similarly, although neurocognitive and vigilance demands may influence autonomic measurements during SD (3, 9, 50) , there have been few prior attempts to systematically quantify autonomic function in association with vigilance and cognitive performance in a large cohort of normal subjects undergoing SD. No studies of acute SD have assessed spontaneous baroreflex activity in association with beat-to-beat heart and BP autonomic modulation in subjects not confined to the supine position.
The aims of the present study were therefore to investigate the hypotheses that, in young, healthy subjects undergoing total SD and not restricted to the supine position, 1) significant increases in sympathetic and decreases in parasympathetic cardiovascular modulation would be found in association with a decrease in BRS and 2) these autonomic changes would be potentiated as a function of SD when subjects were engaged in cognitively demanding tasks.
MATERIALS AND METHODS

Subjects
Subjects between 18 and 40 yr of age of both genders were recruited by advertisement. Twenty-one subjects (2 women, 19 men), ages 26.1 Ϯ 4.4 yr, were enrolled; all completed the protocol. All enrolled subjects were without acute or chronic medical disorders and were of normal body habitus. All subjects underwent a detailed medical history and physical examination by the physician investigators. Subjects with a history of seizure disorder, with acute or chronic sleep disorders including long and short sleepers and shift workers, subjects receiving any medications other than oral contraceptives, smokers, and daily ethanol users were excluded. All enrolled subjects passed substance abuse screening tests. Screening neuropsychological tests including the SCID-NP DSM-IV (nonpatient version) were used to ensure that subjects did not have any current Axis I psychiatric condition, including psychosis, major depression, bipolar disorder, or dysthymia. Sleep logs kept for 2 wk preceding the laboratory phase of the study were used to screen for a normal sleep pattern before the SD phase; Epworth Sleepiness scales were used to screen for baseline excessive subjective sleepiness (22) . All subjects gave written, informed consent in accordance with the Columbia University College of Physicians and Surgeons institutional review board before participating in this study. All subjects received financial compensation for participating in this study. This study was supported by the Institutional Review Board of the Columbia Unversity College of Physicians and Surgeons.
Measurements and Signal Processing
Subjects were monitored with polysomnography (central and occipital referential electroencephalography, right and left electrooculography, and submental electromyography) to assure maintenance of the awake state when they were in the sleep bedrooms. During periods of cardiovascular recording, HR was assessed by electrocardiogram obtained from precordial surface electrodes using a V5 configuration. Continuous beat-to-beat BP was recorded from the radial artery by applanation tonometer using a noninvasive wrist oscillometric device (model 7000, Colin Medical Instruments, San Antonio, TX) (2, 21) . The beat-to-beat BP was calibrated by brachial cuff BP before each measuring period. The signal was sampled at 200 Hz/channel with an analog-to-digital converter (DAQ-700, National Instruments, Austin, TX) as per the limits of the collection system and in accordance with previous studies in our laboratory (2, 10 -12) and Task Force guidelines for HR variability (HRV) measurements and interpretation (49) . Signals were not filtered during collection. Respiratory movements of the rib cage and abdomen were recorded with piezo sensor bands. Respiratory flow was recorded by a heat-sensitive nasal-oral thermistor. All physiological data were collected and stored synchronously on an Embla signal recording system with Somnologica Windows NT Software (Flaga Medical Devices) and were analyzed offline. Polygraphs from a representative subject are shown in Fig. 1 .
Continuous Recognition Tests
Three continuous performance tests were used as cognitive tasks: a simple detection reaction time and two go/no go choice reaction time tasks, one based on shape discrimination (go/no go) and the other based on a two-back letter sequence comparison (2-back task). The cognitive paradigms were designed to assess cognitive functions that are affected by SD and that are key to the performance of many complex tasks in which an average human might engage during daily behavioral functioning (13, 54) . The simple detection reaction time task calls on basic vigilance. The shape go/no go task maintains the same vigilance component but also adds a memory component to hold the identity of the shape go and no go stimuli and a decision component. The 2-back task maintains vigilance, memory, and decision components but also requires an executive-attentional component to continually update two items held in memory with every successive trial. The ordered nature of cognitive load in these three tasks, although maintaining the same test structure, introduces the factor of increasing cognitive demand. Administration of all tasks was controlled, and behavioral data collected, using Psyscope software running on a Macintosh Powerbook computer. These tasks were administered with the subject in the sitting position and with cardiovascular data being collected throughout the task. The subject had her/his dominant hand free to easily press the keyboard for the response, with the nondominant arm held in a steady position at heart level with the arterial tonometer attached for cardiovascular data collection. Tasks were administered at baseline (2100) and every 12 h thereafter throughout the SD period.
All cognitive tasks were 10 min in duration to allow valid cognitive assessment as well as stable cardiovascular data collection. The participant was taught the tasks before the beginning of the laboratory trial by the investigators. A technician was always present to supervise the performance of these tasks, which are computerized and generally involve no specific prompting by the investigator, as well as to ensure that the cardiovascular data were collected without movement artifact. Audible tones were incorporated into the cognitive tasks to signal nonresponses as reminders to both the subject and the research assistant that responses have not been made. At these times, the technologist was instructed to prompt the patient to stay awake.
HRV and BP Variability
The digitized unfiltered ECG and arterial pressure waveforms were analyzed using customized LabView software to obtain spectral components of HRV and BP variability (BPV). Before analyses, the ECG signal was inspected for artifact correction and rejection following established procedures (10, 49) . All data acquisition and postacquisition analyses were carried out in accordance with established standards, including those put forth by the Task Force on HRV interpretation (43, 49) . The R-wave peaks and BP peaks were detected via an established peak-detection algorithm (10 -12) .
Spectral components for HRV and BPV analyses were expressed as both absolute units and normalized units, calculated as [absolute power of the components/(total power Ϫ very low-frequency power)] ϫ 100 (16, 45) . Power in the very low-frequency (LF; Ͻ0.04 Hz), LF (0.04 -0.15 Hz), and high-frequency (HF; Ͼ0.15 to 0.40 Hz) range was calculated for HRV. HF power of R-R variability (HRV HF) is considered a function of cardiac parasympathetic nervous system activity to the heart (42). The LF component of R-R variability (HRV LF), although not modulated by a single arm of the autonomic nervous system (24) , is considered normalized for total power as a representative index of sympathetic activity to the heart (35, 41, 49) . The LF-to-HF power ratio of R-R variability (LF R-R/HFR-R) is considered an index of the balance of sympathovagal input to sinoatrial node activity and has been found to be representative of sympathetic to parasympathetic balance in both physiological and pathophysiological conditions (34, 38, 41, 42, 49) .
To define sympathetic modulation of BPV, beat-to-beat systolic BP (SBP) was analyzed for normalized LF modulation (BPV LF; 0.04 -0.15 Hz); this activity appears to be specific for sympathetic modulation of the microcirculation without influence of the respiratory system (4, 29, (41) (42) (43) .
BRS Assessment
Spontaneous BRS assessment was carried out during the same epochs as the spectral analyses. Spontaneous BRS was assessed using the LF alpha index, calculated as the square root of the ratio of HRV LF to BPV LF (44, 56) . Coherence between the SBP and pulse interval in the LF band (power of the LF of the cross spectrum/square root of the product of LF HRV and LF BPV) was always Ͼ0.5 (20, 44) .
All physiological data were analyzed over the last 5 min of artifact-free data for each condition (supine, sitting up, and sitting up during each cognitive test). Where 5 min of such continuous artifactfree data were not available, which was only rarely the case, we used the longest such continuous data period, with a minimum of 3 continuous min (49) . For each variable, each period of data collection was averaged to yield a single value for each subject. The mean r 2 for the R-R intervals over each segment ranged from 0.024 to 0.079, indicating no systematic linear trends to changes in the R-R intervals for these segments. Such analysis assumes, as well, stationarity of higher-order statistical moments.
Protocol
No caffeine or alcohol was allowed for the 48 h preceding the laboratory studies through the completion of the study. Enrolled subjects reported to the sleep laboratory at 0730 after obtaining their typical sleep at home the prior night. All subjects abstained from alcohol, caffeine, and other stimulants for 24 h before and during the study.
Each subject remained in the sleep lab from 1700 of day 1 through 0900 of day 3. All subjects had a dedicated bedroom in the sleep laboratory for the entire study. All physiological measurements were performed in the bedroom, which was kept at 22°C for the entire study period. Subjects were continuously monitored by video camera and polysomnography, except during short periods of ambulation every 2 h throughout the day or sitting in the monitoring control room with the sleep technician during nocturnal hours (when the sleep urge generally was particularly strong), when they were under direct visual surveillance by the technicians. Subjects displaying sleep onset either behaviorally or by electroencephalogram were immediately aroused and kept awake by verbal encouragement. Subjects were maintained at laboratory illumination of 100 lux. Caloric and fluid intake was standardized for all subjects based on estimated daily caloric and fluid needs. Snacks, however, were allowed ad libitum. Subjects took all their meals in the sleep laboratory. Subjects did not shower; they performed washing and toiletry as necessary throughout the protocol in the same washroom. Subjects were generally sitting or on their feet during periods between measurements; the supine position was avoided. When not engaged in any specific testing or tasks, subjects were allowed to read, watch video movies on a DVD player, play video games, do school or job-related work, including using the computer including the internet, and converse with the staff or visitors.
Physiological and Cognitive Measurements
Physiological and cognitive testing measurements were performed in the participant's bedroom in the sleep laboratory; measurements were made before meals. Measurements of HR, respiratory rate (RR), beat-to-beat BP, and oxygen saturation of hemoglobin (Sa O 2 ) were obtained at four points during the study: at 2100 on the first night of the study (baseline), 0900 and 2100 of the second day of study, and 0700 of the third day. Each of the measurement periods began with a 10-min undisturbed supine period with the monitoring equipment in place. All data were then collected in the following order after the 10-min undisturbed supine period: 15 min undisturbed supine, 15 min undisturbed sitting-up, and 30 min of three consecutive cognitive testing while sitting up [simple reaction time testing (10 min), go/no go testing (10 min), and 2-back task testing (10 min)].
Data Analysis
The outcome variables were each of the physiological variables described above. Generalized estimating equation (GEE) methods were used to examine the effect of SD at 12, 24, and 36 h after baseline on the physiological data at each of the five positions (supine, seated, seated ϩ simple reaction time, seated ϩ shape go-no go reaction time, and seated ϩ2-back task). The GEE is a generalized linear model estimating method for longitudinal data in which the within-group correlation can be specified. It fits a population-averaged model. Thus the method accounted for the repeated measures obtained from each participant at different stages of SD. The GEE models assumed that the data were normally distributed with an exchangeable correlations structure (31, 55) . SD was coded as a categorical variable. All analyses were done in STATA 8.0. Statistical significance was considered at the level of P Ͻ 0.05.
To assess whether autonomic changes might be due to testing effect rather than to SD, we also recruited six normal subjects (2 women, 4 men, ages 31.2 Ϯ 2.9 yr) to undergo similar testing without SD. These subjects were recruited during a period of normal sleep-wake cycles and slept at home rather than in the laboratory. They reported an average of 7.8 Ϯ 0.5 h of sleep on the 2 nights of sleep within the protocol time. They were studied at a similar but not duplicate circadian time as SD subjects; AM measurements were taken at 0900, i.e., generally 2 h later than the AM measurements in the SD subjects, and PM measurements were at 1700, i.e., generally 4 h earlier than SD PM measurements.
RESULTS
Three of the 21 subjects were excluded from final data analysis because of excessive movement artifact in their physiological signals, which precluded satisfactory analysis for all study periods. The remaining 18 subjects (2 women and 16 men), ages 19 -36 yr (26.0 Ϯ 4.6 yr) with an average body mass index of 23.4 Ϯ 2.9 kg/m 2 , are reported here. Fifteen were Caucasian, and three were African-American. All subjects demonstrated a normal sleep pattern over the previous 2 wk as per their sleep diaries. The average nightly amount of sleep in this period was 8.0 Ϯ 0.8 h. Mean Epworth Sleepiness Scale scores were 6.1 Ϯ 3.0, which was in the normal range (22) . Mean education for the group was 15.4 Ϯ 1.1 yr.
Cognitive Performance Data
SD was associated with an overall progressive decline in vigilance, as defined by simple reaction time latencies, and cognitive performance, as defined by percent correct responses on the cognitive tasks. These data are displayed in Table 1 . The Epworth Sleepiness Scale scores increased from 6.1 Ϯ 3.0 before SD, within normal range, to 17.7 Ϯ 5.4, within the range associated with hypersomnia (22) , at 36 h of SD.
Resting Physiological Data During SD
Supine, there were no significant differences in SBP, diastolic (DBP), or mean arterial BP (MAP) from non-SD baseline to any point of the SD. There was a significant decline in HR at 12 and 36 h of SD compared with baseline and a significant decline in RR at 12, 24, and 36 h of SD There was no significant change in any parameter of normalized HRV with SD. There was, however, an increase in normalized LF modulation of BPV at 12, 24, and 36 h of SD compared with baseline. Spontaneous BRS significantly declined at 24 h of SD. Complete supine physiological data are presented in Table 2 .
Seated, as with the supine position, there were no significant differences in SBP, DBP, or MAP from baseline to any point in the 36 h of SD and a decline in RR at 12, 24, and 36 h of SD. However, autonomic perturbations associated with SD were more frequent than when the subjects were supine. There was a significant increase in HR at 24 h of SD compared with baseline. Normalized LF modulation of HRV increased significantly at 12 and 24 h of SD compared with baseline, in association with a significant decline in normalized HF modulation of HRV at 12 h of SD and a borderline significant decrease in normalized HF HRV (P ϭ 0.055) at 36 h of SD. HRV LF R-R /HF R-R increased significantly at 12 and 36 h of SD. Seated normalized LF BPV was increased significantly throughout the SD periods, and BRS significantly declined at 24 h of SD; these changes were similar to those seen in the supine position. Complete seated physiological data are presented in Table 3 .
Physiological Data During SD With Cognitive Testing (All Measures Seated)
Simple reaction time task. HR, SBP, DBP, and MAP showed no significant change with SD, whereas RR significantly declined at 12 and 36 h of SD. Autonomic perturbations were more consistently found across the SD period when measured during this cognitive task than when measured with subjects at rest without testing: normalized LF HRV and LF R-R /HF R-R increased significantly at 12, 24, and 36 h of SD, whereas normalized HF HRV significantly decreased at 12, 24, and 36 h of SD. BRS declined throughout the SD period when measured during the simple reaction time task in contrast to the decline in BRS seen only at 24 h of SD in the subjects when they were not performing cognitive tasks. Normalized LF BPV increased significantly throughout the SD period compared with baseline, as it did without performance of the simple reaction time task. These data are presented in Table 4 .
Shape go/no go task. SBP, DBP, and MAP again showed no significant change from baseline with SD. There was a significant increase in HR at 24 h of SD only. There was a significant decline in RR throughout SD. Sympathetic perturbations were somewhat more consistently found across the SD period when measured during this cognitive task than when measured with subjects at rest without testing in that normalize LF HRV was increased significantly at 12 and 36 h of SD, with a borderline significant increase (P ϭ 0.059) at 24 h of SD. There continued to be a consistent increase in normalized LF BPV across the SD period, whereas BRS declined significantly only at 24 h of SD, as occurred in the subjects when they did not undergo cognitive testing. These data are presented in Table 5 .
2-back task. HR, SBP, DBP, and MAP showed no significant change with SD. There was a significant decline in RR at 12 and 36 h of SD. Autonomic perturbations were less consistent than those seen without cognitive testing: the only significant changes were an increase in normalized LF HRV at 12 h of SD and an increase in normalized LF BPV at 12, 24, and 36 h of SD. BRS showed no significant change from baseline with SD. These data are given in Table 6 .
There was no significant interaction between SD and performance on cognitive testing for the dependent physiological variables in the GEE. In a separate analysis, autonomic data periods were excluded because of nonresponsiveness or randomness of the efforts during testing. This occurred primarily during the 2-back task at 24 and 36 h of testing. These exclusions did not significantly affect the interaction as noted above.
There were no significant differences in any autonomic parameter among the three SD times, supine or seated; i.e., increasing time of SD did not significantly affect the changes in autonomic activity seen at 12 h of SD. There was no significant interaction between SD and position. Thus the overall effect of SD on physiological measures did not differ by testing positions. Spectral data results were similar for absolute and normalized units; only normalized data are therefore presented.
For control subjects, BP, HRV, and BRS were not significantly changed over the course of the four measurements, either supine or seated. Supine, there was an increase in HR of 5.63 beats/min [95% confidence interval (CI): 1.28, 9.98] at 24 h (P ϭ 0.01) compared with baseline (68.5 Ϯ 9.3 beats/ min). RR decreased 1.5 breaths/min (95% CI: Ϫ2.74, Ϫ0.26) at 12 h (P ϭ 0.02) and 1.33 breaths/min (95% CI: Ϫ2.57, Ϫ0.10) at 36 h (P ϭ 0.03) compared with baseline (18.3 Ϯ 3.6 breaths/min). Normalized LF BPV significantly increased 11.33% (95% CI: 4.58, 18.07) at 24 h (P ϭ 0.001) and 13.16% (95% CI: 6.42, 19.91) at 36 h (P Ͻ 0.001) compared with baseline (60.15 Ϯ 17.86%). Seated, RR decreased 1 breath/min (95% CI: Ϫ1.95, Ϫ0.05) at 36 h (P ϭ 0.04).
DISCUSSION
The present study assessed cardiovascular autonomic modulation in association with total SD in a relatively large group of normal young subjects and demonstrated the following novel findings: 1) acute SD was associated with increased sympathetic cardiac and BP modulation, decreased parasympathetic cardiac modulation, and decreased BRS; 2) these adverse effects of SD on cardiovascular autonomic modulation were seen as early as 12 h of SD, without progressive increase in the autonomic perturbation through 24 and 36 h of SD. These findings were in contrast to control subjects, who showed no changes in HRV or BRS parameters across a similar time period of measurements.
The present findings are in agreement with the autonomic findings of Tochikubo and colleagues (51), who measured increases in both SBP and HRV LF R-R /HF R-R during normal upright activities in young men after sleep restriction, in concert with increased urinary excretion of norepinephrine. The present findings also extend recent work concerning SD and abnormal metabolic control, which found that sleep restriction over the course of 6 nights results in decreased glucose tolerance and increased sympathetic modulation as assessed by HRV analysis (47) . The present finding of decreased BRS with SD also agrees with and extends the findings of Ogawa et al. (40) , who found decreased BRS after 1 night of SD in normal subjects. Baseline values are means Ϯ SD. Sleep deprivation change in seated position during shape go/no go task. *Significant changes from baseline (P Ͻ 0.05). Baseline data are means Ϯ SD. Sleep deprivation change in seated position during 2-back task. *Significant changes from baseline (P Ͻ 0.05).
In contrast, Chen (8) observed that 30 h of sleep loss in 15 healthy young men was associated with decreased HR and decreased resting plasma norepinephrine and epinephrine levels. Kato and colleagues (23) found in eight subjects that, whereas supine resting mean BP was higher, muscle sympathetic nerve activity was lower after a night of acute SD compared with a measurements after 1 night of normal sleep. BP, HR, and muscle sympathetic nerve activity were not consistently influenced by cognitive and physiological stressors after SD in that study, similar to the present findings. Similarly, Ogawa and colleagues (40) found that 1 night of nocturnal SD resulted in decreased muscle sympathetic nerve activity in a small group of young male subjects. Holmes and colleagues (19) studied 12 young subjects (men and women) over a 30-h recumbent awake period and found that, compared with a separate recumbent 6-h awake period, HR was decreased, as was ␤-adrenergic sympathetic activity (measured as preejection period via impedance cardiography), after the 30 h of awake time. Major methodological differences exist among these noted SD protocols and the present study: in particular, the fact that the recumbent position was maintained throughout the SD and data measurement period in the studies that found generally decreased sympathetic activity. In contrast, SD studies that monitor autonomic activity in the nonrecumbent individual, including the present study, appear to be more likely to find increased measures of sympathetic activity as a function of sleep restriction. It is emphasized, however, that the present study was designed only to be able to specifically test the physiological parameters during specific supine and seated testing periods, rather than throughout the SD period, and so does not directly address the question as to what overall effect position may have during progressive SD Extensive data from our laboratory and others' have validated the scientific and practical utilization of spectral analysis of HRV and BPV as noninvasive measures of autonomic modulation under steady-state and non-steady-state conditions (1, 4, 10 -12, 17, 25, 29, 34, 36, 39, 41-43, 46, 49) , including during SD (6, 51) . We note, however, that the LF alpha index methodology to assess BRS is only one method of assessing spontaneous baroreflex function and cannot by itself account for other influences, such as respiratory and other vagal input, chemoreceptor reflexes, nor discriminate between negative and positive feedback effects (44). Furthermore, the use of only the alpha index for the LF component as an assessment of BRS is not necessarily representative of BRS in relation to overall autonomic modulation; Merritt and colleagues (37) have shown in a group of elderly African Americans that computed alpha indexes of LF and HF power may have divergent correlations with normalized HF HRV. On the other hand, Zollei and colleagues (56) demonstrated good correlation in normal subjects between LF alpha index and both increased and decreased BP sequences and R-R interval changes in the same direction. Decreased BRS in the present study may represent central inhibitory modulation of baroreflex response with SD, analogous to that seen with alerting or arousal responses and opposite to that seen during quiet sleep (30) . Such a mechanism might be, in turn, permissive for increased sympathetic to parasympathetic balance in the modulation of HRV and BPV, as found in the present study.
Spectral measures of HRV and BPV, as well as BRS, have demonstrated clinical significance. Changes in HRV and BPV similar to those found in the present study have been associated with poor cardiovascular prognosis in patients with cardiovascular disease (49) , although increased normalized HF HRV has also been recently found to be associated with increased mortality after myocardial infarction (48) . Increased LF HRV and decreased HF HRV, as found in our SD subjects, has been demonstrated to discriminate patients who were recently postmyocardial infarction from healthy subjects (32) . Blunted BRS and impaired cardiovascular variability, common to cardiovascular disease states, are predictive of impaired cardiovascular outcome in patients with coronary artery disease and heart failure (28, 30) .
Cardiovascular autonomic modulation during cognitively demanding tasks under conditions of SD has been rarely assessed in humans, and then only in small groups of subjects (3, 23) . We did not find a statistically significant interaction between cognitive testing and SD regarding autonomic modulation in the overall GEE analysis nor was the level of performance on these cognitive tasks specifically correlated with autonomic changes. Furthermore, the changes with cognitive test perfomance were inconsistent, particularly with the more demanding tasks, possibly due to increased variability of responses as the tasks became more difficult. It is also of interest that we did not find consistent changes in HR or BP in association with decreased BRS with SD, with or without the cognitive task stressors. It may be that the study design, including the tasks themselves, was not sensitive enough to find such changes. Overall, these results demonstrate that the major effect of changes in autonomic parameters occurred as a function of SD and not additional cognitive testing and stress in the present study. However, the combination of SD and the simple reaction time testing did produce more consistently perturbed sympathovagal balance and BRS throughout the 36 h of SD compared with SD measurements without performance of the simple reaction time test and cognitive task performance alone, such that the possibility of an interaction between cognitive stress and SD-associated autonomic perturbations may merit further investigation.
BRS was decreased only at 24 h of SD without cognitive testing, and normalized LF HRV seated was similarly increased at 12 and 24 but not at 36 h of SD, raisng the possibility that a recovery from autonomic perturbtion may occur as SD progresses through 36 h. However, the decrease in LF BPV occurred throughout the SD period beginning at 12 h, and the integrated HRV measure HRV LF R-R /HF R-R was increased at 12 and 36 h of SD, suggesting that no consistent recovery of autonomic function occurred as SD progressed in the present study.
RR generally decreased with SD in our subjects, raising the concern that this change could have affected the spectral analyses of HRV. The small respiratory change did not, however, extend to the LF region at any time during baseline or SD. Furthermore, when adjusted for RR in the GEE, no significant differences in the effect of SD on autonomic findings were seen. Therefore, the small respiratory change from baseline through SD did not appear to explain the spectral changes found (5) . However, we did not measure tidal volume changes in these subjects and cannot completely rule out a respiratory effect on these measures (2) .
There is significant evidence to suggest that autonomic parameters in this study were primarily influenced by SD rather than circadian time, in contrast to the findings of Burgess and colleagues (6) regarding parasympathetic modulation in supine subjects during SD. Most of the autonomic changes in the present study were present in the AM and PM during SD, particularly during the vigilance task. Furthermore, control subjects generally did not show circadian variation in the major parameters, thus arguing that the major effects here were SD related rather than a circadian phenomenon. Nevertheless, circadian interaction with SD cannot be ruled out in these data. In particular, BRS declined significantly only from baseline PM to SD PM measurements in the subjects when they were not engaged in cognitive tasks. Similarly, a circadian effect may have been present in RR, which was most consistently lowest in AM measurements both in SD and control subjects. Aside from circadian effect, the testing procedure itself may have contributed to the LF BPV findings during SD, since control subjects showed an increase in LF BPV at 24 and 36 h supine and at 36 h seated.
In summary, the present data suggest that normal humans are vulnerable to a cohesive perturbation in autonomic cardiovascular modulation after 12 h of nocturnal SD, when they are not restricted to the supine position, and that this autonomic perturbation does not consistently extend through 36 h of SD. The clinical significance of such autonomic perturbation associated with acute SD in healthy, young subjects, as well as the extent and clinical significance of autonomic perturbations associated with SD in older subjects and those with cardiovascular disorders, remains to be investigated.
